Excessive or inadequate pressure in the breathing system has been the cause of the largest category of equipment-related anaesthetic deaths in Australia. I That such deaths still occur demonstrates that there is no simple solution for their prevention. The disconnection of a paralysed patient from a ventilator has been the commonest cause of anaesthetic critical incidents. 2 Excessive pressure produced by breathing tube misconnection, valve malfunction or misplacement, failure to open the adjustable pressure-limiting valve or ventilator malfunction has been reported frequently. Subatmospheric pressures caused by malfunction of an active scavenging system have also caused patient harm.
Pressure manometers
When a patient is manually ventilated the anaesthetist is continually assessing circuit pressure by the feel of the bag, but when a ventilator is used, or when the patient is breathing spontaneously, abnormal pressures may not be rapidly detected. The breathing system pressure can be displayed using a pressure manometer. All ventilators should be used with a manometer and this can easily be attached to the circle absorber. A pressure manometer is required to do an accurate check of the breathing system for leaks, especially prior to the use of low flow anaesthesia. It is somewhat more cumbersome to use a manometer with the Ayre's T -piece or Bain circuit.
Pressure-limiting valves
Barotrauma and gas embolism have been caused in many ways, including misconnection of the breathing system tubes, unidirectional valve failure or misconnection, failure to open the adjustable pressure-limiting valve, kinking of the expiratory limb of the circle and kinking of the outflow pathway of the Ayre's T-piece.
One approach to this problem is to incorporate in every breathing system a pressure-limiting valve and/or a pressure-limiting breathing bag. This has not been common Australian practice. The practice here has been to fit a 50 cm HoO pressure-limiting valve with a manual override between the vaporiser and the common gas outlet. Siting the valve in this position has the disadvantage that if the emergency oxygen flush is activated when using a Bain circuit or Ayre's T -piece the high resistance of the narrow fresh gas tube will cause some of the oxygen to be vented through the pressure-limiting valve. It is obvious that the emergency oxygen flush and the override for the pressure-limiting valve should be adjacent so that they can be activated by the fingers of one hand.
Although the pressure-limiting valve may prevent barotrauma, a continuous intrathoracic pressure of +50 cm HoO is likely to cause cardiovascular compromise and so it has been suggested that activation of this pressure-limiting valve should cause the valve to stay open to the atmosphere until reset by the anaesthetist; this approach has not been widely pursued. Another approach is for an audible warning to be produced by activation of the pressure-limiting valve. Unfortunately, attempts to use the escaping gas to produce the warning sound have not been successful due to the wide range of possible gas flows. The high pressure alarm of a ventilator monitor would give warning of this condition, but this situation may occur during spontaneous ventilation when the ventilator monitor is not activated. Also this high pressure alarm would not detect excessive pressure caused by kin king of the fresh gas tube of a Bain circuit or obstruction by kinking or compression of the fresh gas tube of an Ayre's T -piece. In these instances the ventilator monitor connection to the breathing system is downstream of the pressure-limiting valve and the circuit obstruction. One solution is to separate the high and low pressure alarm functions of a ventilator monitor. The high pressure alarm is left turned on at all times and the connection to the circuit is made at the common gas outlet.
The fitting of a pressure-limiting valve upstream of the common gas outlet prevents the use of a AnaeSlhesia and Intensive Care, l~ol. 16, 1\'0. 1, February, 1988 breathing mixture gas-powered ventilator such as the Manley, but this type of ventilator is not widely used in Australia.
Ventilalor rnonilors
Unrecognised disconnection of a paralysed patient remains a major cause of anaesthetic morbidity and mortality. Despite widespread highlighting of this problem in the anaesthetic literature there is still a reluctance on the part of some anaesthetists to accept the assistance of devices to help them avoid this complication in their practice. 3 In our institution, after one serious but uneventful disconnection, all anaesthetic machines were fitted with ventilator monitors. A disconnection subsequently occurred leading to patient morbidity when the monitor, although available, was not used. All the monitors were then modified so that when the ventilator is turned on, the alarm is activated. It was found, however, that one anaesthetist was interrupting this connection so that the ventilator could be used without the disconnect alarm.
The most common ventilator monitors measure pressures within the breathing system. 4 The ventilator monitor alarm will be activated by one or more of the following circumstances: (a) Low Pressure -Failure of the system pressure to reach a pre-determined value, usually caused by a disconnection, leak or ventilator failure. (b) High Pressure -System pressure exceeding a pre-determined value, caused by the patient coughing, increased airways resistance, decreased compliance or circuit obstruction. (c) Continuous Pressure -Failure of system pressure to fall back to a pre-determined value, usually caused by a malfunctioning ventilator or scavenging system. (d) Subarnbient Pressure -System pressure falls to a predetermined sub-atmospheric pressure, usually caused by a malfunctioning scavenging system or by ventilator or gas flow abnormalities with some types of ventilators. The low pressure function of a ventilator monitor is the most important of the four. If the monitor is designed primarly for anaesthesia, the low pressure threshold, if adjustable, should not be able to be set below about 8 to 10 cm HoO, and the delay, if adjustable, to no longer than about 20 seconds. This will ensure the alarm will signal a disconnection even ifthere is partial obstruction of the circuit at the point of disconnection which still allows lower positive pressures to be produced by the ventilator.
A fixed threshold alarm will detect total disconnection and major leaks in both adults and children, especially with a rising bellows ventilator.
If using either a rising or dependent bellows ventilator. fine adjustment of the low pressure threshold may be necessary to detect leaks, disconnection or loss of fresh gas flow in the high resistance fresh gas pathway of an Ayre's T-piece or Bain circuit. Failure to set the level accurately may allow continued rebreathing to go unnoticed with progressive hypoxia and hypercarbia, as a slight fall in peak airway pressure may not be enough to trigger a fixed or stepwise-adjustable low pressure alarm.
The site of connection of the low pressure alarm to the breathing system should be as close to the patient as possible. However, incorporation of the alarm connection within the ventilator is acceptable as the reduced number of connections required may increase user acceptance of the device.
T.he monitor should be activated by sensing a posItive pressure or by the ventilator being turned on. It should not be able to be turned off while mechanical ventilation is in progress, but it should be provided with a mute facility to silence the alarm for a period. Pressure-activated monitors, if connected to the breathing system other than at the ventilator, can be activated during manual ventilat.ion and cause alarms during induction, mtubatlOn and extubation procedures.
The high, continous and subambient pressure facilities, although usually only available in ventilator monitors, should ideally be available for the spontaneously breathing patient. The subambient pressure facility could be designed to be left turned on at all times as already described for the high pressure alarm. This would detect subambient pressures produced by malfunction of an active scavenging system, but the connection should be made to the breathing system rather than ~t the c0lI!-mon gas outlet. The high pressure facility IS more Important and has already been partly discussed in association with the pressure-limiting valve. The high pressure threshold may be able to be adjusted to a value just greater than peak airway pressure so that any decrease in compliance increase in resistance, circuit obstruction or patient straining will be sensed. There should be no delay on the high pressure alarm.
The alarm adjustment controls should be clearly labelled and not liable to accidental adjustment. If continuously adjustable, accuracy of calibrati0n is not a mandatory requirement as they can be set during use by adjusting until the threshold is reached and then backing off until the alarm is just silenced.
The monitors should be either mains-powered with a battery backup or battery-powered with a battery test facility.
Other ventilator monitors are available that sense volumes or flows in the breathing system, changes in trans-thoracic impedance and changes in chest and abdominal dimensions, although the first two methods are the only ones used at all commonly in anaesthesia. A device measuring volumes or flows in the breathing system has the advantage that it can be used in the spontaneously breathing patient as well as the ventilated patient, but has the disadvantage that with a dependent bellows ventilator even total patient disconnection may not be sensed.
An end-tidal carbon dioxide analyser can be used as a ventilator monitor and will give early warning of patient disconnection. These are available as 'mainstream' or 'sidestream' types. The mainstream analysers give a real time response but the weight of the sensor tends to cause the disconnections that it is being used to detect (especially in paediatric practice). The sensor is also easily damaged and is expensive to repair.
Sidestream analysers can be used effectively, even in small infants, provided a low sampling flow rate is used. There is no need for the increased deadspace of a sampling T-piece as endotracheal tubes or connectors incorporating a sampling lumen are now available in sizes down to 3.0 mm, and the use of these actually results in a decrease in circuit deadspace. The other advantages of endtidal carbon dioxide monitoring, especially the early recognition of oesophageal intubation, make a strong case for its routine use in anaesthesia.
At the meeting in May 1987 there was general agreement that: 1. All ventilators should be used with pressure manometers. 2. Consideration should be given to the use of pressure manometers with all breathing systems. 3. All anaesthetic machines should be fitted with a pressure-limiting valve set at about 50 cm H 2 0 and that this should have a manual override control, ideally situated next to the emergency oxygen supply control. 4. All anaesthetic machines fitted with a ventilator must have at least a fixed low pressure ventilator monitor with alarm; this must have power failure warning or back-up facilities. Ideally this monitor should be automatically activated when mechanical ventilation is initiated, and should not be able to be turned off until mechanical ventilation is ceased. 5. Use of end-tidal carbon dioxide monitoring is desirable during anaesthesia as it is a very effective disconnect alarm and offers other major benefits. It is recommended that at least one carbon dioxide monitor be available for every two operating theatres.
It was generally acknowledged that this is a difficult area in which technology and practice is likely to evolve, and that all that is desirable may not be affordable at present. It is important that users become familiar with the advantages and disadvantages of whichever ventilator and breathing system alarms and monitors are available, and that, as far as practicable, these be calibrated, correctly placed, adjusted and checked before use.
